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Abstract 
 The utility of non-canonical amino acids in protein engineering has grown 
substantially over the past decade.  Proteins containing these unnatural building blocks 
often have radically different biochemical or spectral characteristics than their wild-type 
counterparts.  Furthermore, proteins may be endowed with chemical reactivity not found 
in the natural proteome upon the introduction of non-canonical amino acids.  Successful 
incorporation of a non-canonical amino acid into recombinant proteins in E. coli is often 
dependent on engineering of the aminoacyl-tRNA synthetase (aaRS) activity of the cell.  
The bulk of the work described herein has focused on developing a system to rapidly 
screen libraries of mutant aaRS to identify clones capable of efficiently incorporating 
novel reactive non-canonical amino acids.  The system is based on the display of reactive 
amino acid side chains on the surface of E. coli cells upon metabolic incorporation of the 
amino acid into recombinant outer membrane protein C (OmpC) and the subsequent 
covalent biotinylation of the reactive side chains.  The cells are then stained with 
fluorescent avidin, thus rendering the cells incorporating the amino acid fluorescent and 
readily identifiable and sortable by flow cytometry.  
The feasibility of such a system was proven by incorporating the methionine 
surrogate azidohomoalanine (AHA) into OmpC and subsequently biotinylating the 
reactive azide groups via copper-catalyzed azide-alkyne ligation.  Using an improved 
copper catalyst, low levels of incorporation of translationally inefficient amino acids 
azidoalanine, azidonorvaline, and azidonorleucine into OmpC were also detected.  A 
saturation mutagenesis library of the methionyl-tRNA synthetase (MetRS) was designed, 
and cells transformed with this library were screened for the ability to incorporate the 
 vi
long chain amino acid azidonorleucine into recombinant proteins efficiently.  Several 
MetRS mutants were identified with such activity using the cell surface display system.  
MetRS containing a single amino acid mutation, leucine 13 to glycine (L13G) that occurs 
in each of the three mutants discovered in the screen, is very efficient at incorporating 
azidonorleucine into proteins. 
In the last part of the work described in this thesis, azidohomoalanine was used to 
tag newly-synthesized proteins in mammalian cells, thus endowing the newly-synthesized 
proteins with unique bioorthogonal chemical reactivity.  Following covalent biotinylation 
via the azide-alkyne ligation, these proteins could be selectively enriched for by avidin 
chromatography and identified using shotgun proteomic approaches.  Nearly 200 newly-
synthesized proteins were identified unequivocally in just a two-hour window.  This 
technique promises to develop into a highly useful tool for the examination of proteome 
dynamics.   
 
 
 
 
 
 
 
 
 
 
 vii
Table of Contents 
 
Acknowledgements         iii 
Abstract          v 
Table of Contents         vii 
List of Tables           x 
List of Figures and Schemes       xi 
Chapter 1  Non-Canonical Amino Acids in Protein Engineering  1 
 Abstract         2 
 Introduction         3 
 Residue-Specific Incorporation of Non-Canonical Amino Acids  4 
  Over-expression of Aminoacyl-tRNA Synthetases (aaRS)  6 
  Engineering of Aminoacyl-tRNA Synthetases   9 
  Examples of Protein Engineering by Sense Codon Reassignment 11 
 Site-Specific Incorporation of Non-Canonical Amino Acids   14 
 New Methodology        17 
  Synthetases and Synthetase/tRNA Pairs    17 
  Modified Ribosomes       18 
  Coding Schemes       19 
 Conclusions         19 
 Acknowledgements        20 
 References         20 
 
Chapter 2 Cell Surface Labeling of Escherichia coli via    32 
Copper(I)-Catalyzed [3+2] Cycloaddition 
 
 Introduction         33 
 Results and Discussion       33 
 Materials and Methods       37 
  Strains and Expression Plasmids     37 
  Site-Directed Mutagenesis      37 
  Synthesis of Azidohomoalanine and Biotin-PEO-Propargylamide 38 
  Metabolic Incorporation of Azidohomoalanine into OmpC  38 
  [3+2] Cycloaddition Chemistry on Whole Cells   39 
  Purification of Outer Membrane Proteins and Western Blotting 39 
  Flow Cytometry       40 
 Acknowledgements        40 
 References         41 
 viii
  
 
Chapter 3 Presentation and Detection of Azide Functionality   46 
in Bacterial Cell Surface Proteins 
 
 Abstract         47 
 Introduction         48 
 Experimental Section        49 
  Synthesis of Azido Amino Acids 1-4 and     49 
Biotin-PEO-propargylamide 6 
Plasmids and Expression Hosts     52 
Expression of OmpC Containing Non-Canonical Amino Acids 52 
Copper-Catalyzed Triazole Formation on the Cell Surface  53 
Outer Membrane Fraction Isolation and Western Blotting  53 
Flow Cytometry       54 
 Results and Discussion       54 
  Copper-Catalyzed Triazole Formation on the    54 
Surfaces of Intact Cells   
  Incorporation of Azidoalanine     56 
  Incorporation of Azidonorvaline and Azidonorleucine  57 
 Conclusions         58 
 Acknowledgements        59 
 References         59 
 
Chapter 4 A High-Throughput, Flow Cytometry-Based Method for the 70 
Identification of Novel Aminoacyl-tRNA Synthetase Activity 
  
 Abstract         71 
 Introduction         72 
 Materials and Methods       74 
  Azido Amino Acids and Tagging Reagents    74 
  Methionyl-tRNA Synthetase (MetRS) Library Construction  74 
  Other Plasmids       75 
  OmpC Expression and Cell Surface Labeling   76 
  Flow Cytometry and Cell Sorting     77 
  Recombinant DHFR Expression, Purification, and Analysis  78 
  MetRS Expression, Purification, and Activation Assays  79 
 Results and Discussion       79 
  Cell Surface Labeling with Biotin-PEO-Cyclooctyne  79 
  MetRS Library Design and Construction    80 
  Screening and Identification of Active Mutants   81 
  Recombinant Protein Production with MetRS Mutants  83 
  In Vitro Activation Kinetics of L13G MetRS   84 
 Conclusions         84 
 References         85 
 Supporting Information       88 
 ix
 
Chapter 5 Proteome Dynamics: Identification of Newly    100 
Synthesized Proteins in Mammalian Cells using  
Bioorthogonal Non-Canonical Amino Acid Tagging  
(BONCAT) 
 
 Abstract         101 
 Introduction         102  
 Results and Discussion       103 
 Materials and Methods       108 
  Reagents        108 
  Cell Culture        109 
  [3+2] Cycloaddition Chemistry and Purification   110  
of Tagged Proteins 
Western Blot Analysis      111 
Mass Spectrometry and Data Analysis    112 
 References         114 
 
Appendix Vector Sequences       138 
          
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 x
List of Tables          Page 
 
Table 4-1 Mutations found in MetRS clones that efficiently incorporate 97 
azidonorleucine 2 into recombinant proteins 
 
Table 4-2 Purified protein yield and extent of incorporation of   98  
azidonorleucine in dihydrofolate reductase (DHFR) produced  
in M15MA[pAJL-61] harboring different MetRS variants 
 
Table 4-3 Kinetic parameters for activation of methionine, 1, and 2  99  
  by wild-type and L13G MetRS 
 
Table 5-1 Protein identifications among four independent experimental sets 125 
 
Table 5-2 Proteins identified in HA-HAP-1A transiently transfected   126 
HEK293 cells 
 
Table 5-S1 Peptides identified in HA-HAP1A     136 
 
Table 5-S2 False positive rates for protein identification    137 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xi
List of Figures and Schemes       Page 
 
Figure 1-1 Complementary strategies for the incorporation of   26  
non-canonical amino acids into proteins  
 
Figure 1-2 Sense codon reassignment by increasing aminoacyl-tRNA  28  
synthetase (aaRS) activity 
 
Figure 1-3 Sense codon reassignment with engineered aminoacyl-tRNA  29 
synthetases 
 
Figure 1-4 Useful chemistries introduced to proteins by non-canonical   30 
amino acids 
 
Figure 1-5 Breaking the degeneracy of the genetic code in vivo   31 
 
Scheme 2-1 Structure of azidohomoalanine 1 and biotin-PEO    43 
propargylamide 2 
 
Figure 2-1 Coomassie-blue stained gel (top) and Western blot (bottom) 44 
of outer membrane fractions after [3+2] biotinylation 
 
Figure 2-2 Flow cytometry data       45 
 
Figure 3-1 Amino acids discussed in the current study    62 
 
Scheme 3-1 Copper-catalyzed triazole formation on the E. coli cell surface 63 
 
Figure 3-2 Comparison of extent of labeling of cell surface proteins in   64 
triazole syntheses catalyzed by different copper sources 
 
Figure 3-3 Fluorescence histograms of mixtures of cells induced in media 65 
supplemented with 19 amino acids (no methionine) and cells  
incorporating 2 and labeled by copper-catalyzed triazole  
formation 
 
Figure 3-4 Comparison of extent of labeling of cells incorporating  66  
either 1 or 2 
 
Figure 3-5 Detection of azidoalanine incorporation by flow cytometry  67 
 
Figure 3-6 Western blot of OMPs prepared from cells induced in media 68  
supplemented with 2, 3, or 4 and biotinylated via triazole  
synthesis 
 
 
 xii
Figure 3-7 Fluorescence histograms of cells induced in media    69 
supplemented with either azidonorvaline (3) or  
azidonorleucine (4) at 750 mg/L, biotinylated via triazole  
synthesis, and stained with fluorescent avidin 
 
Figure 4-1 Protocol for screening libraries of mutant aminoacyl-tRNA   89 
synthetases (aaRS) 
 
Figure 4-2 Non-canonical amino acids and tagging reagents used in this  90 
study, scheme for biotin tagging of azide functionalized E. coli  
cell surfaces 
 
Figure 4-3 Comparison of the extent of cell surface labeling by   91 
Cu-catalyzed azide-alkyne ligation and strain-promoted  
azide-alkyne ligation 
 
Figure 4-4 Residues in the methionine binding pocket of MetRS selected  92 
for saturation mutagenesis 
 
Figure 4-5 Fluorescence histograms of cells induced to produce OmpC  93 
in medium supplemented with azidonorleucine 
 
Figure 4-6 SDS-PAGE analysis of whole-cell lysates of    94 
M15MA[pAJL-61] encoding the L13G MetRS mutant 
 
Figure 4-S1 Multiple sequence alignment of MetRS amino acid sequences   95 
from several different organisms 
 
Figure 4-S2 MALDI-MS spectrum of a tryptic peptide from DHFR   96 
containing azidonorleucine produced with L13G mutant MetRS 
 
Figure 5-1 Overview of the protein identification procedure using   117 
azidohomoalanine (AHA) 
 
Figure 5-2 Use of AHA to label newly synthesized proteins: testing toxicity, 118 
membrane permeability, specificity, possible increased protein 
degradation, and purification of AHA-incorporated proteins 
 
Figure 5-3 Purification of AHA-incorporated proteins after azide-alkyne 120  
ligation with a Biotin-FLAG-alkyne tag 
 
Figure 5-4 Sequence coverage and detection of modifications for  122  
HA-HAP1A  
 
Figure 5-S1 Western blot analysis of Neutravidin-purified newly synthesized 133  
proteins in transiently HA-HAP-1A transfected HEK293 cells 
 xiii
Figure 5-S2 Gene ontology analysis of newly synthesized proteins   134 
in transiently HA-HAP1A transfected HEK293 cells 
 
  
        
  
 
  
         
